Abstract
INtRODUctION
Interactions between plants and their surrounding soil are diverse and complex (Ehrenfeld et al. 2005; van der Putten et al. 2013) . In soil, many abiotic (physical, chemical and biochemical) and biotic (soil biota) factors directly and indirectly influence each other and are each in reciprocal interactions with plant roots, which represent a large part of the total plant biomass (Jackson et al. 1996; Mokany et al. 2006) .
Abiotic soil factors such as temperature, fertility and moisture influence enzyme activities (Eagles 1967) , nutrient uptake (Gavito et al. 2001) , nutrient concentrations (Chapin 1980 ) and the amount of available water (Osakabe et al. 2014) in the soil and were shown to directly and indirectly affect plant growth, as well as the development of plant functional traits (de Deyn et al. 2008) , especially root traits (Eissenstat et al. 2000) . Furthermore, abiotic soil factors were reported to influence soil microbial community composition (e.g. Beyens et al. 2009; Bi et al. 2012) , the activity of soil microbial organisms (Zhou et al. 2013 ) and thus, e.g. mineralization processes (e.g. Conant et al. 1998; Li et al. 2014) .
Besides abiotic soil factors, soil biota are known to play an important role in plant-soil interactions (e.g. Bever 1994; Heinze et al. 2015a Heinze et al. , 2015b Klironomos 2002; van der Heijden et al. 2008) . Overall, soil biota can have positive, negative (Kulmatiski et al. 2014) or neutral effects on plant growth. Positive effects are mainly generated by arbuscular mycorrhizal fungi (AMF) and plant growth-promoting bacteria (PGPB), which enhance the nutrient uptake of plants and improve the protection against soil pathogens (Lugtenberg and Kamilova 2009; van der Heijden et al. 2008) , whereas nematodes, pathogenic fungi and bacteria reduce plant biomass (Bever et al. 2010) and therefore have negative effects on plant growth. By affecting plant species differently, soil biota act either mutualistic or parasitic and thus influence not only individual plant performance but also plant community composition (Heinze et al. 2015b) .
Until now, the majority of studies investigated the single effects of either abiotic or biotic soil factors on plant performance, and only few studies tested the effects and direction of abiotic soil factors on plants via soil biota. Such modulations of abiotic soil effects on plant growth by soil biota were mainly investigated for nutrients (e.g. Gustafson and Casper 2004; Johnson et al. 2003; Manning et al. 2008; Reynolds et al. 2005) , whereas studies on the impact of soil moisture and soil temperature on the effects of soil biota on plants are scarce (Deepika and Kothamasi 2015; van Grunsven et al. 2010) . For soil temperature, van Grunsven et al. (2010) did not find effect on biotic plant-soil interactions. However, by investigating the same plant species in the same soils at different times (winter vs. summer), Heinze et al. (2015a) observed different soil biota effects on these plant species. These observed soil biota effects are supposedly generated by different temperature regimes. A recently published paper reported similar effects of soil warming, thus potentially modifying interactions between soil biota and plants (Thakur et al. 2016) .
Until now, there are few studies that investigated the effects of single abiotic soil factors on the interaction between soil biota and plants. Therefore, the main goal of this study was to examine the scarcely studied effects of abiotic soil factors (e.g. soil temperature and moisture) on plant growth via changes induced by soil biota. As we used sieved soils (see desciption below), in this manuscript, the term 'soil biota' refers to soil organisms <7 mm (i.e. meso-and microbiota such as mites, bacteria, fungi and nematodes). In a climate chamber experiment, a widespread species, Dactylis glomerata L. was grown under three different abiotic soil treatments (soil temperature, fertility and moisture) in sterilized soil vs. sterilized soil that was inoculated with 5% of non-sterilized, live soil, to investigate the following question:
How do soil temperature, soil fertility and soil moisture indirectly affect the performance (i.e. biomass production and root structure) of D. glomerata, via changes induced by soil biota?
MAtERIALS AND MEtHODS

Study site and soil sampling
To test for the overall effects of soil biota on plant growth and how these effects are modified by abiotic soil factors, we collected soil from a grassland ecosystem in autumn 2013 at the field study site of the University of Potsdam (52°24ʹ 29.76ʺN, 13°1ʹ13.74ʺE, Germany). The meadow, which was mown twice a year for the last 20 years, contained nutrient poor, loamy and sandy soil (see Table 1 ; methods described below; Heinze et al. 2016) . The vegetation in this meadow consists of annual and perennial grassland species dominated by perennial grasses such as Arrhenatherum elatius (L.) J. Presl et C. Presl. and Helictotrichon pubescens (Huds.) Pilg. Mean daily temperature, from March to November (main vegetation period), ranged from 12.9 ± 5.27°C in the night (midnight) to 17.6 ± 6.34°C at noon (data from 2014-from weather station of the University of Potsdam). In 2014, soil temperature at this meadow ranged from 12.5 ± 0.2°C in early April to 20.2 ± 0.1°C in late July (weekly measurements, J. Heinze, unpublished data).
Soil (top 10 cm) was sampled from six large (50 × 50 cm 2 ) well-spaced patches in the meadow to account for the heterogeneity and spatial variation. Immediately after soil sampling, soils were stored at cold conditions (4°C). Soils from the six patches were bulked and sieved (mesh size 7 mm) to remove stones, macrofauna (e.g. earthworms and insect larvae) and large roots. Afterward, a large part of the soil was autoclaved twice within 24 h (20 min, 121°C; Heinze et al. 2015a) , whereas a small part was used as inoculum and left untreated and stored at cold conditions (4°C). Sand (grain size: 2 mm; Brun & Böhm, Potsdam, Germany) was autoclaved twice as well.
Model species and seed preparation
Dactylis glomerata L. is a widespread perennial tussock grass. It occurs under nutrient-poor up to nutrient-rich conditions (Beddows 1959) and is known to be restricted by very wet conditions but to tolerate drought stress (Volaire 1995) . Furthermore, D. glomerata is known to tolerate a wide range Data represent means ± SE (plant-available ammonium and phosphorus: n = 9; plant-available nitrate, total nitrogen and phosphorus: n = 6). P values represent results of an analysis of variance testing for differences between soil-sand mixtures. Within columns, different letters indicate significant differences (P < 0.05) between soil-sand mixtures after a Tukey's honestly significant difference test.
of climatic conditions (Beddows 1959) , as within Europe, it occurs from middle Norway to southern Italy and Greece (Conti et al. 2005; Joshi et al. 2001; Thomas and Stoddart 1995) . Together with its tolerance to varying nutrient conditions and drought tolerance, this indicates that this species has a large ecological amplitude. In the grassland investigated, D. glomerata is a subdominant plant species. Seeds of D. glomerata were obtained from a commercial provider of local genotypes (Rieger-Hofmann, Raboldshausen, Blaufelden, Germany). Seeds were surface sterilized to prevent microbial contaminations (3 min in a 7% sodium hypochlorite solution; Bartelt-Ryser et al. 2005) , rinsed five times with autoclaved water (20 min, 121°C) and dried for 1 day in a sterile bench. Before and during work, all instruments were sterilized with 70% ethanol.
Seeds were germinated on autoclaved sand in sterile plastic chambers (Meyer, Germany).
Experimental design
All plants were grown in cone-shaped pots (0.4 L; D50 Deepots: D25L; Stuewe & Sons, Inc., Tangent, OR, USA) that were filled with 450 g sterilized soil-sand mixture either inoculated with 5% of sterilized soil or non-sterilized soil. Finally, all pots were covered with 50 g autoclaved sand (as an additional sterilized layer-thickness: 1.5-2 cm) and placed on individual sterile plastic saucers to reduce cross-contaminations.
To test for the individual effects of soil biota and abiotic soil factors (soil temperature, soil fertility and soil moisture) on plant growth of D. glomerata as well as the effect of abiotic soil factors on performance of D. glomerata via soil biota, we established the following four soil treatments: 1) To test for the effects of soil biota on plant growth of D. glomerata, a mixture of sterilized field soil and sterilized sand (1:1; vol./vol.) was inoculated with either 5% sterilized soil or 5% non-sterilized soil. 2) To investigate the effect of soil temperature on plant growth and the effects of soil biota on D. glomerata, we manipulated soil temperature using heating mats. These heating mats (30 × 50 cm; 30 W; Dragon Terraristkbedarf, Germany) were placed under trays (that contained up to 25 cones). The trays were fully enclosed (except for the surface of the cones) with styrofoam (thickness: 2 cm). This resulted in an increase of soil temperature within cones by 10°C (23°C/28°C; night/day) in comparison with cones that were placed without heating mats in the climate chamber (13°C/18°C; night/day). The low temperature treatment represents the 'normal' growth temperature in Central Europe (see site description above).
We have chosen a temperature difference of 10°C to investigate extreme temperature shifts even if such an extreme temperature shift might not conform with current estimations on climate change. As it was our goal to investigate solely the effect of soil temperature on plant growth via modulations of soil biota, we only heated the soil and not the aboveground part of the plant. This approach differs from common heating methods in ecological studies that use open top chambers (e.g. Marion et al. 1997; Schwarzer et al. 2013) or infrared radiation (e.g. Beyens et al. 2009; de Boeck et al. 2011; Dreesen et al. 2012 ; see also de Boeck et al. 2010 , for a summary) but has the advantage to avoid confounding temperature effects on aboveground plant growth (e.g. like enzyme activities) and is in accordance with Gavito et al. (2001) . At the beginning of the experiment, the soil temperature for both soil temperature treatments (low = 13°C/18°C; high = 23°C/28°C) was daily checked at 20 cm and 10 cm pot depth in a subsample (n = 80) of cones with a rod thermometer (Roth, Germany). After 3 days, a small gradient (1 to 1.5°C difference) in soil temperature was equalized, and no soil temperature gradient was measured within cones throughout the next 7 days. Therefore, soil temperature was measured in the middle of the cones (12.5 cm depth) for the rest of the experiment to ensure that differences in soil temperature was constantly 10°C between both soil temperature treatments and constant within each treatment.
3) To test for the direct effect of soil fertility on plant growth and the indirect effect via an influence on soil biota, we added liquid fertilizer (Plantiflor universal fertilizer, 7+5+6 NPK, Germany) to half of the cones. The plants for the soil fertility treatment were watered with a 3% N (7%) -P (5%) -K (6%) solution, once at the start of the experiment. The remaining pots were watered with autoclaved tap water and served as controls (without fertilizer). The amount of applied fertilizer was adapted to the soil moisture treatment (see below) by adapting the concentration of the fertilizer to the amount of added water. 4) The effect of soil moisture on plant growth and its impact on the soil biota effects on D. glomerata was tested by the application of different amounts of water. Initial soil-water content of the soil-sand mixture (plus additional sterilized sand layer) was determined by weighing. To reflect natural dry and moist conditions in Central Europe, two different soil moisture levels (low = 8-10% vs. high = 16-18%) were established, in accordance with Hofmann et al. (2013) . Cones were watered individually, taking into account that soils in heating blocks had a greater evaporation. During the experiment, we checked for water loss in the pots by weighing twice a week, and watered the pots accordingly, to realize the planned comparison between high vs. low soil moisture levels.
The experiment was set up on 29 November 2013 in a climate chamber (13°C/18°C, night/day; 12 h light: 560 µmol s −1 m −2 ; 60% humidity). It contained the four soil treatments mentioned above (presence/absence of soil biota, soil temperature, soil fertility and soil moisture) that were crossed in a fully factorial design resulting in 16 treatment combinations (2 soil biota treatments × 2 soil temperature treatments × 2 soil fertility treatments × 2 soil moisture treatments). Similar sized seedlings were randomly transplanted into cones. Plants were allowed to grow for 10 weeks.
We used 15 replicates per soil treatment resulting in 240 cones in total containing one individual of D. glomerata each. In the climate chamber, pots were distributed to either five heated trays or five non-heated trays that were arranged alternately, whereas each tray contained 24 pots (see supplementary Figure S1 ). Within each tray, there were three replicates of the remaining soil treatments (full-factorial: sterilized vs. non-sterilized × fertilized vs. non-fertilized × dry vs. wet). These replicates represented three blocks, whereas within each block, soil treatments were randomly distributed. These blocks were shifted weekly between and within the five respective trays to reduce potential effects of microclimatic differences within the climate chamber. Within the first week of the experiment, dead seedlings were replaced by similar sized seedlings. Seedlings that died after the first week were not replaced and excluded from the analysis. Seeds and plants were watered with autoclaved water (20 min, 121°C).
Harvest and measurements
After 10 weeks, aboveground biomass was harvested, dried (48 h, 80°C) and weighed. To obtain belowground biomass, roots were washed, dried (48 h, 40°C) and weighted as well.
To investigate putative effects of abiotic and biotic soil factors on root traits, a subsample of the roots (three randomly chosen replicates per treatment combination; total n = 48) were analyzed using WinRhizo software (Pro 2007d). Furthermore, we measured mycorrhizal colonization, as AMF are suggested to play an important role in plant-soil interactions (e.g. Bever et al. 2010; van der Heijden et al. 2008 ). In accordance with Vierheilig et al. (1998) , a subsample of 10 randomly chosen roots of the non-sterilized treatment per treatment combination and a subsample of the sterilized treatment (n = 2) were cleared with 10% potassium hydroxide, and afterward stained, using an ink solution [5% ink (Parker) and 95% acetic acid]. Mycorrhizal colonization was quantified using the intersection method (modified from McGonigle et al. 1990 ) under a microscope (Olympus CHK; magnification = ×100).
Soil analysis
To test for initial soil conditions, soil characteristics of 1-weekold soil-sand mixtures that were inoculated with (i) 5% sterilized soil or (ii) 5% non-sterilized soil or were (iii) fertilized were measured using similar methods as described in Heinze et al. (2015b) : 400 nm). Afterward, mixtures were dried (48 h, 105°C) and plant-available phosphorus (P) was determined according to Olsen et al. (1954) . The concentration of total P and total N were measured photometrically in the presence of mineral stabilizer (P: molybdenum blue, 880 nm; N: Nessler´s reagent, 425 nm), after sulphuric-peroxide digestion (96% H 2 SO 4 and 30% H 2 O 2 ) and subsequent neutralization (modified from Kneis et al. 2006) . The pH in the soil-sand mixtures was measured at a soil/water ratio of 1:5 (WTW 325 pH meter, Germany).
Microbial respiration
We determined soil microbial respiration in 1-week-old soil-sand mixture that was inoculated with 5% nonsterilized soil. We used chemical titration (modified from Stotzky 1965), as this method was shown to provide consistent results (Haney et al. 2008) . Then, 100g inoculated soil-sand mixture (see above) and a beaker with 20 ml 0.2 M sodium hydroxide and two drops phenolphthalein were placed in a preserving jar (1000 ml) and hermetically sealed. After 24 h under the respective experimental temperatures (low = 13°C/18°C; high = 23°C/28°C; dark/light = 8/12 h), the alkali-indicator mixture was back-titrated to neutral pH with 0.2 M hydrochloric acid. Parallel controls without soil were established to obtain blank values. Each treatment was replicated three times. Microbial respiration was calculated using the difference between blank and sample values and referring these to incubation time and soil dry weights.
Statistical analysis
All statistical analyses and graphics were conducted using R version 3.1.2 (R Development Core Team 2014).
To test the effects of abiotic soil factors (soil temperature, fertility and moisture) and soil biota, as well as interactions between abiotic soil factors and soil biota on biomass production, root:shoot ratios and root traits of D. glomerata, we performed type III analyses of variance (ANOVAs). The model used included the factors: block (I-XV), soil temperature (high vs. low), soil fertility (unfertilized vs. fertilized), soil moisture (dry vs. humid), soil biota (present or absent) and all interactions between abiotic and biotic soil factors.
As the different abiotic soil factors caused different biomass production, and with that different root length, we calculated specific root traits (except for root diameter), in accordance with Wright and Westoby (1999) , prior to ANOVA analysis. These were specific root length (cm root/mg root) and specific root surface (cm 2 root/mg root), as well as relative number of root tips (no. of root tips/cm root) and relative branching (no. of branchings/cm root). The effects of abiotic soil factors on mycorrhizal colonization, presence of arbuscules and vesicles were investigated with an ANOVA that included all abiotic soil factors as well as all interactions.
Prior to all ANOVAs, biomass production, root:shoot ratios, root traits and mycorrhizal colonization data were checked for homogeneity of variance and transformed (data on biomass production and root traits were square root transformed) to obtain normal distribution of residuals.
Differences in biomass production, root:shoot ratios and root traits for plants grown with and without soil biota between the abiotic soil treatments (interactions between abiotic and biotic soil factors) were tested using Student's t-tests.
To present the magnitude and direction of interactive effects of soil biota and abiotic factors on plant growth, we calculated a 'soil biota effect' (modified from Petermann et al. 2008 
):
Soil biota effect log biomass non sterilized biomass steri = -
Positive values of the soil biota effect conform to a positive net effect of soil biota on plant growth, whereas the log ratio becomes zero if soil biota had no effect on plant growth. We used shoot, root and total biomass for the calculation of soil biota effects.
To ensure normality and homogeneity of variance, the biomass ratio (non-sterilized/sterilized) was log transformed. The soil biota effect was calculated pairwise per block. Differences in soil biota effects, as well as in soil microbial respiration, were tested using Student's t-tests.
RESULtS
Soil characteristics
The addition of 5% non-sterilized soil to the sterilized soilsand mixture did not change soil chemistry values, neither plant-available nutrients nor total N and P (Table 1) , when compared with a sterilized soil-sand mixture that was inoculated with 5% sterilized soil. The application of liquid fertilizer increased the overall soil fertility (Table 1) . Especially plantavailable ammonium and phosphorus showed a 5-fold and 2-fold increase, respectively, in concentration compared with the sterilized soil-sand mixture (ammonium and phosphorus: P < 0.001; Table 1 ).
Effect of abiotic soil factors on biomass production and root structure
Overall, biomass production of D. glomerata was significantly affected by soil temperature and fertilization but not by soil moisture. In heated as well as in fertilized soils, D. glomerata produced more shoot and root biomass (soil temperature/soil fertility: -shoot, F 1,186 = 165.96/118.77, P < 0.001/P < 0.001; root, F 1,186 = 45.23/14.18, P < 0.001/P < 0.01; Table 2 ; Fig. 1a and b) compared with soils that were not heated, respectively fertilized. Root:shoot ratios were higher in unheated, unfertilized and dry soils (soil temperature: F 1,186 = 3.59, P < 0.01; soil fertility: F 1,186 = 17.43, P < 0.001; soil moisture: F 1,186 = 15.72, P < 0.05; Table 2 ; Fig.1d ).
The abiotic soil treatments had no effect on specific root length and surface but different effects on root diameter as well as on the number of root tips and branching per centimeter. When grown in heated soil, roots of D. glomerata showed increased specific root length (F 1,31 = 4.87, P < 0.05; Fig. 2a ; Table 2 ), smaller diameters (F 1,31 = 15.86, P < 0.001; Fig. 2b ; Table 2 ) and fewer root tips (F 1,31 = 12.08, P < 0.01, Fig. 2c ; Table 2 ), but more branching per centimeter (F 1,31 = 7.96, P < 0.05; Fig. 2d ; Table 2 ). In dry soils, roots were more branched (F 1,31 = 15.83, P < 0.001; Fig. 2d ; Table 2 ) as compared to wet soils.
Soil biota effects on biomass production and root structure
The presence of soil biota was associated with a decrease in the mean root diameter of D. glomerata (F 1,31 = 19.24, P < 0.01; Fig 3a) and an increase in the number of root tips (F 1,31 = 6.45, P < 0.05; Table 2 ; Fig 3b) in comparison with sterilized soils. However, the presence of soil biota did not affect overall plant growth, root:shoot ratio or specific root length, surface and branchings (Table 2) .
Impact of abiotic soil factors on the effects of soil biota on D. glomerata
The abiotic soil factors differently affected the effects of soil biota on growth of shoots, roots and total biomass of D. glomerata. In control soils (for all abiotic factors tested) that were neither heated, fertilized nor kept constantly moist with a soil moisture content of 16-18%, shoot and total growth of D. glomerata were positively affected by soil biota (Figs 1a and c and 4a and c), whereas root growth was rather not affected (Figs 1b and 4b) . However, with an increase in soil temperature by 10°C, on average, these positive effects significantly decreased to neutral effects of soil biota on shoot and total plant growth (shoot: F 1,186 = 4.04, P < 0.05; total plant: F 1,186 = 3.62, P < 0.05; Table 2 ; Figs 1a and c and 4a and c). Similarly, the application of fertilizer decreased the positive effects of soil biota resulting in neutral biotic soil effects compared with unfertilized soils for shoot biomass (F 1,186 = 3.18, P < 0.1; Table 2 ; Figs 1a and 4a) but not for root and total plant biomass. Soil moisture content did not significantly influence the effects of soil biota on overall performance of D. glomerata.
Overall, soil biota did not influence root biomass (F 1,186 = 0.40, P >0.5; Table 2 ) and their effect was not affected by all three abiotic soil factors (Figs 1b and 4b) 
Microbial activity in the soil and mycorrhizal colonization of D. glomerata
The increase of soil temperature (+10°C) significantly increased microbial respiration 2.7-fold in the soil mixture used in this study (sterilized soil-sand mixture inoculated with 5% non-sterilized soil; Fig. 5) Overall, mycorrhizal colonization in this study was low (0.59% on average; see Fig. 6a ) and did not differ between soil treatments of all abiotic factors (see supplementary Table  S1 ; Fig. 6a ). Roots in sterilized soils were not colonized by AMF. However, roots that were grown in soils with soil biota and with increased temperature and fertility contained significantly less arbuscules in comparison with untreated soils (soil temperature: F 1,63 = 5.71, P < 0.05; soil fertility: F 1,63 = 4.09, P < 0.05; see supplementary Table S1 ; Fig. 6b ).
DIScUSSION
This experiment was performed to investigate the effect of abiotic soil factors on plant growth via soil biota. Results showed that plant growth of D. glomerata was affected by abiotic soil factors, whereas soil biota per se did not significantly affect plant growth, which might be due to the low rate of AMF infection in this experiment. However, the abiotic soil factors tested (increase in soil temperature and fertility) altered the indirect soil biota effects on mainly aboveground plant performance, from positive to neutral. These results suggest that abiotic soil factors such as temperature have the potential to modify interactions between plants and soil biota.
Effects of abiotic soil factors on performance of D. glomerata
In accordance with other studies, we found that biomass production increased with increasing temperature (Rustad et al. 2001; Went 1953 ) and nutrient availability (Chapin 1980) . However, in our experiment, biomass production was not affected by soil moisture. Increasing soil moisture (8-10% vs. 16-18%) in our experiment declined the root:shoot ratio of D. glomerata., an effect that has been observed before (e.g. Mokany et al. 2006) . Hence, differences in moisture levels were in principle large enough to be detectable but may have been well within the wide ecological amplitude of this species (Volaire 1995) , as D. glomerata is known to tolerate both dry (Volaire and Lelièvre 2001) and wet (Beddows 1959) conditions.
As expected, the application of fertilizer increased the concentrations of plant-available nutrients (see Table 1 ), which enhanced nutrient uptake and therefore growth of D. glomerata. In fertilized soils, D. glomerata allocated less biomass to roots. This is in accordance with Koukoura et al. (2009) and showed that D. glomerata regulates its root-to-shoot allocation, depending on soil nutrient status. Under nutrient-poor conditions, D. glomerata increased its root growth, and one could expect a change of the root structure toward thinner roots with more branchings and a larger surface, as observed in many plant species (see de Kroon et al. 2012) . Surprisingly, we only observed the number of root tips to rise under nutrient-poor conditions. This, however, is in accordance with Leuschner et al. (2013) who found the root structure of D. glomerata not to be affected by nutrient enrichment.
Temperature influences enzyme activities both aboveground and belowground and therefore affects, e.g. the balance of photosynthesis (Eagles 1967; Liang et al. 2013 ) and root respiration (Atkin et al. 2000) . In our experiment, we explicitly tested the effect of soil temperature independently of air temperature on growth of D. glomerata to avoid confounding effects of air temperature that was observed to affect aboveground biomass production (Liang et al. 2013) . We found soil temperature to increase biomass production, decrease root:shoot ratio and influence root structure. Increased soil temperature was reported to increase nutrient uptake and nutrient-use efficiencies by Gavito et al. (2001) who investigated the effects of soil temperature on Triticum aestivum L. cv. Terra. Root diameter in our experiment was influenced by soil temperature toward thinner roots at elevated soil temperature, which is also in accordance with Gavito et al. (2001) . However, in contrast to Gavito et al. (2001) , root length of the investigated plant species D. glomerata in our experiment was not affected by soil temperature, indicating that root traits are species specific and highly plastic to environmental factors (Eissenstat et al. 2000; Gifford et al. 2013) . Number root tips and branches per centimeter were related to root length of the respective root. Asterisks behind F values indicate significant differences: ***P < 0.0001; **0.0001 < P < 0.01; *0.01 < P < 0.5; (*)0.05 < P < 0.1.
Impact of soil biota on overall plant growth of D. glomerata
In general, soil biota can have positive and/or negative effects on plant growth (Kulmatiski et al. 2014; van der Heijden et al. 2008 ). As shown above, inoculation with 5% non-sterilized soil did not change soil nutrient concentration, indicating that any difference in the performance of D. glomerata must be caused by soil biota. Overall, growth of D. glomerata, however, was not affected by soil biota per se (Table 2) in our experiment. , soil fertility (middle column of panels) and soil moistures (right column of panels). Within abiotic soil treatments the two left bars indicate lower soil temperature (18°C/13°C), no fertilizer application (−NPK fertilizer) and lower soil moisture (8-10%), whereas the two right bars represent higher soil temperature (28°C/23°C), application of fertilizer (+NPK fertilizer) and higher soil moisture (16-18%), respectively. Asterisks above abiotic soil treatments (left vs. right bars within treatment) indicate significant differences between respective soil treatments after analysis of variance tests. Asterisks above two bars (within soil treatment) represent significant differences in plant growth when grown with or without soil biota after t-test analysis: ***P < 0.0001; *0.01 < P < 0.05.
Studies investigating species-specific soil biota effects (by performing a specific conditioning phase) on D. glomerata observed varying effects of soil biota ranging from positive (Klironomos 2002) to negative (Petermann et al. 2008) . Using non-specific soil biota we found no effect of soil biota per se on D. glomerata, which is in contrast to the positive soil biota , soil fertility (middle column of panels) and soil moistures (right column of panels). Within abiotic soil treatments, the two left bars indicate lower soil temperature (18°C/13°C), no fertilizer application (−NPK fertilizer) and lower soil moisture (8-10%), whereas the two right bars represent higher soil temperature (28°C/23°C), application of fertilizer (+NPK fertilizer) and higher soil moisture (16-18%), respectively. Asterisks above abiotic soil treatments (left vs. right bars within treatment) indicate significant differences between respective soil treatments after analysis of variance tests. Asterisks above two bars (within soil treatment) represent significant differences in plant growth when grown with or without soil biota after t-test analysis: ***P < 0.0001; **0.0001 < P <0.01; *0.01 < P < 0.05. effects found by Heinze et al. (2015b) . However, these former studies used different soil biota and were performed under different experimental conditions (different greenhouse conditions, substrates, etc.), what may have caused different effects of soil biota on D. glomerata.
By testing D. glomerata in the same greenhouse with the same soil, Heinze et al. (2015a) found D. glomerata to receive either positive (in winter) or negative (in summer) soil biota effects depending on the timing of the experiment (see supplementary Figure S2 ). These findings show that soil biota effects on plants might be influenced by many environmental factors, and soil temperature in this context is suggested to play an important role for the outcome of biotic soil effects (Heinze et al. 2015a) .
In our experiment, soil biota did not affect root architecture, except for root diameter and the number of root tips. This result is in accordance with Maherali (2014) who showed that there is a high variation in root traits, for instance, root diameter, between non-mycorrhizal and mycorrhizal plants in AMF inoculation studies, as observed in this study. However, AMF colonization in our experiment was low with 0.59% on average what might suggest that the impact of AMF on the structure of roots might also have been low.
The fact that other relevant root traits like specific root length and surface did not differ between the presence and absence of soil biota, the overall low AMF colonization, and the inoculation with nonspecific soil biota might be the reason that soil biota overall did not directly affect plant growth in this experiment. However, abiotic soil factors (increased temperature and fertility) altered the effects of soil biota on plant biomass production in this experiments (see below).
Influence of abiotic soil factors on D. glomerata via soil biota
In our experiment, abiotic soil factors affected soil biota effects on shoot biomass production, whereas root biomass production was not affected by soil biota, what is in contrast to de Kroon et al. (2012) and Hendriks et al. (2015) who found species-specific effects of soil biota on root biomass.
That abiotic soil factors did not affect soil biota effects on root growth might indicate that D. glomerata has the potential to adapt its allocation from roots to shoots in dependence of soil nutrient conditions (Koukoura et al. 2009 ). Furthermore, this finding supports the suggestions below that in heated soils competition for nutrient between soil biota and plants might have been enhanced, due to high metabolism or decreased mineralization of soil microorganisms.
Despite the effects of soil moisture on root:shoot and root structure (number of branchings and surface), soil biota effects on D. glomerata were not influenced by different soil moisture levels. These findings are in accordance with Buchmann (2000) who found soil respiration and associated microbial activity to be independent from soil moisture, but are in contrast to Conant et al. (1998) who reported correlations between soil moisture and microbial activity. However, the moisture levels in our experiment (8-10% vs. 16-18%), which correspond to natural dry and moist conditions in Central Europe (Hofmann et al. 2013) , suggest that soil moisture conditions might have not been extreme enough to influence soil microbial activities or composition, as found by Gordon et al. (2008) for a difference in water holding capacity of 45% or for larger natural soil moisture gradients on regional scales [e.g. Brockett et al. 2012 (8-46%) ; Ma et al. 2015 (3-35%) ].
With an increase of plant-available nutrients (see Table 1 ), soil biota effects decreased for shoot biomass of D. glomerata confirming recent studies on the influence of soil nutrients on interactions between plants and soil biota (e.g. Gustafson and Casper 2004; Manning et al. 2008) . Depending on the soil nutrient status, soil microorganisms are suggested to either act mutualistic or parasitic (Collins and Foster 2009; Reynolds et al. 2005) .
Temperature had the strongest impact on soil biota effects for shoot biomass of D. glomerata in our experiment. The increase in soil temperature of 10°C decreased the positive effect of soil biota in ambient soil down to no or a weak negative soil biota effects for D. glomerata.
Overall, AMF colonization in our experiment was low, which might be due to the inoculation method used in this experiment (5% non-sterilized soil added to a sterilized soilsand mixture) and a concomitant dilution of AMF spores. Although there is evidence for effects of abiotic soil factors on AMF functioning (e.g. decreased number of arbuscles at elevated soil temperature and fertilized soil), we suggest that AMF might not to be the driving force for the observed soil biota effects, because the overall colonization rate was low. The positive effects of soil biota in non-fertilized and nonheated soils might rather be attributed to PGPB (e.g. mineralizing bacteria), as they were diminished in fertilized soil (possibly by sufficient nutrient supply) and heated soil (possibly by temperature effects on mineralization processes). By enhancing nitrogen fixation and solubilization of phosphorus those PGPBs are known to improve plant growth (Lugtenberg and Kamilova 2009) . Ramasamy et al. (2011) summarized synergistic effects of AMF and PGPB, but it is not clear whether PGPB can fully compensate the effects of AMF. However, activities of PGPBs and thus the effects (e.g. phosphorus solubilization and nitrogen mineralization) were found to depend on temperature (e.g. Gilliam et al. 2015; Mujahid et al. 2015) .
Microbial respiration and accompanied microbial activity tested in the soil-sand mixture inoculated with 5% nonsterilized soil showed 2.7-fold increase when soil temperature was elevated by 10°C (Fig. 5) , which is in accordance with most studies investigating the relationship between soil respiration and temperature (Lloyd and Taylor 1994) . By excluding roots in our respiration measurement, we solely measured the respiration of the soil organisms, and thus their activity, which however, might have been influenced by energy-rich root exudates that are known to be readily mineralized by microbiota and thus affect rhizomicrobial respiration (Hill et al. 2007) .
In general, soil microbial activity affects mineralization processes and microbial biomass (e.g. Alvarez et al. 1995; Li et al. 2014) . By influencing soil microbial activity, an increase of soil temperature might have caused the decrease of the soil biota effects on shoot biomass of D. glomerata in two different ways, both affecting the mineralization and thus the provisioning of plant-available nutrients.
On the one hand, an increase of soil temperature may have increased microbial biomass more than microbial mineralization rates, as also found by Li et al. (2014) . Therefore, the different responses of bacterial biomass production and mineralization to temperature might have caused an enhanced competition for essential nutrients (N, P) between soil biota Figure 4 : soil biota effects for shoot (a), root (b) and total biomass production (c) of Dactylis glomerata grown at different soil temperatures (left), soil fertility (middle) and soil moistures (right). Lower soil temperature (18°C/13°C), no application of fertilizer (−NPK fertilizer) and lower soil moisture (8-10%) are represented by blank bars, whereas higher soil temperature (28°C/23°C), application of fertilizer (+NPK fertilizer) and higher soil moisture (16-18%) are indicated by hatched bars, respectively. Data represent means ± SE. Asterisks between bars indicate significant differences between respective soil treatments after anova-tests: *0.01 < P < 0.05; (*)0.05 < P < 0.1. and plants. At elevated soil temperatures, one might expect more microbial biomass but disproportionally lower rates of mineralization. On the other hand, it has been observed that with increased soil temperature, soil microbial metabolism and self-consumption strongly increased and that this in turn lead to a decrease of microbial biomass (Alvarez et al. 1995) .
Both mechanisms (high metabolism and decreased mineralization by a decrease of soil microbial biomass) might have influenced competition for nutrients between D. glomerata and soil biota and thus soil biota effects at elevated soil temperature.
The soil biota effects for shoot and total biomass at elevated soil temperature were neutral in our experiment. This might indicate that the positive effect (provisioning of soil nutrients) of soil biota under low temperatures could be diminished by the imbalance of soil microbial metabolism and mineralization at higher temperature.
Moreover, soil warming was found to affect the composition of the microbial community (Briones et al. 2009; Zogg et al. 1997) and is suggested to increase pathogen aggressiveness (Pritchard 2011) . Therefore, besides effects on microbial activity and thus mineralization, the soil warming might also have increased the activity or abundance (via enhanced reproduction; i.e. higher spore release rate) of pathogenic soil biota, such as pathogenic fungi or bacteria. Positive soil biota effects, at ambient soil temperature, might also have been neutralized by shifts in the microbial community induced by higher soil temperature. : microbial respiration in the sterilized soil-sand mixture that was inoculated with 5% non-sterilized soil used in the experiment (left bars), either incubated at lower soil temperatures (18°C/13°C; blank bars) or higher soil temperatures (28°C/23°C; hatched bars). Data represent means ± SE. Asterisks between bars indicate significant differences between respective soil treatments after Student's t-tests: **0.0001 < P < 0.01.
With our experimental design, we were neither able to differentiate between mutualists and pathogens nor able to determine microbial biomass and community composition of the tested soil biota. Therefore, suggestions about mechanisms involved are rather speculative. However, these points were beyond the scope of our study but certainly would be worth to address.
Our results of temperature effects on plant growth via soil biota are supported by a recent study that found soil warming to affect the relationship between plants and soil biota, e.g. nematodes feeding on microbes (Thakur et al. 2016) . In addition, our results are also in accordance with the findings from greenhouse experiments of Heinze et al. (2015a) , where we found D. glomerata to experience positive soil biota effects in winter (average temperature: 14.5°C) and negative soil biota effects in summer (average temperature: 21.1°C) by the same soil biota. van Grunsven et al. (2010) , in contrast, did not find significant effects of ambient temperature (5°C difference) on plant-soil interactions, but their data show that most of the tested plant species performed better when grown at low temperatures.
Heating from above, as performed in studies on climate warming (e.g. short-term temperature increase of +7-8°C by infrared heating; de Boeck et al. 2011; Dreesen et al. 2012) , might have been more realistic in relation to natural conditions but would not have allowed us to separate the different effects of soil temperatures on aboveground biomass production.
Therefore, we used equal air temperature for all plants investigated to achieve comparability of results on aboveground biomass production, what was found to be affected by air temperature (Liang et al. 2013) . This experimental design is however highly artificial, and the transferability of our results into 'real nature' is thus limited. Nevertheless, our results provide evidence that soil temperature is an important abiotic soil factor that has the potential to alter the composition and function of soil biota (reviewed in Classen et al. 2015) and thus their effects on plant growth, which is important in the context of climate change. Furthermore, our results suggest that soil temperature effects should be considered when parameterizing theoretical models on climate change with empirical data.
cONcLUSION
In this study, we explicitly tested the effects of abiotic soil factors on the effect of soil biota on D. glomerata and measured biomass production, root traits, AMF colonization as well as microbial respiration. Our results suggest that not only nutrients influence soil biota effects but soil temperature also has a distinct influence on root growth and structure, as well as microbial activity leading to altered plant-soil biota interactions and subsequent plant growth. Our results provide evidence that soil temperature has the potential to considerably alter soil biota effects on plants, as at higher temperatures an increased microbial metabolism (and associated with that a less effective mineralization and enhanced competition for nutrients) seem to overrule positive effects observed at lower soil temperatures. Such soil temperature effects should be considered in studies on plant-soil interactions to strengthen the transferability of experimentally obtained results from controlled environments to natural conditions.
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